Motivation of these experimental measurements was to evaluate the electrical field distribution of implanted electrodes in three dimensions inside the tissue. Measurements were performed in a perfused ex vivo equine larynx to achieve results of physiologically intact tissue. Objectives of the measurements are the practical evaluation of the measurement system. Especially the reproducibility of the measurements, evaluation of the perfusion setup influences on field distribution and further investigation of the tissue changing effects of the measuring needle and the scanning process. A system to measure the electric field distribution inside the tissue has been developed, which contains a 3D linear motor system for the positioning of a measuring needle inside the tissue. At each discrete point electrical potential is measured and according to an interpolation the 3D electrical field distribution is calculated and visualized. We measured variations of scanning grids at same electrode configuration and electrode position to evaluate measurement reproducibility. The experiments were performed on perfused CAD muscle (Musculus cricoarytaenoideus dorsalis) of two horses. This enables an intact physiological state of the muscle for up to 6-8 hours. The perfusion setup shows no significant influences on the measurement system. The measuring needle causes a morphologically change in tissue (tissue shift) and thus a displacement of the field distribution measurements. In consideration of the reproducibility the different measurements, with the same electrode configuration and position, similar field distribution results are obtained. The experimental results show, that ex vivo measurements of the 3D electrical field distribution can be performed with this measurement setup. In future field distribution displacement will be reduced by an additional 3D force measurement and control system to evaluate the tissue shifts while inserting the needle. Further planned investigations are the optimization of electrode configuration and placement, to achieve a more selective stimulation and better therapeutic effects.
Introduction
Measuring the three dimensional distribution of the electric field around implanted electrodes could be a very useful tool to reach a significant better therapeutic outcome. The electrode position inside the target tissue and also the selectivity of the stimulation area inside the tissue can be optimized from this information. We developed a system to measure the electrical field distribution inside the tissue. First measurements were performed on a perfused ex vivo model of horse larynges.
Clinical application
Bilateral vocal fold paralysis (BVCP) results in an immobility of the vocal fold and this can cause airway obstruction. Normally the vocal folds open during inspiration and close during swallowing. Functional Electrical Stimulation (FES) can evoke this process to prevent airway obstruction in BVCP [1] . A naturally-occurring disease in horses shares many functional and etiological features with BVCP in humans. In horses a demyelination of the recurrent laryngeal nerve (recurrent laryngeal neuropathy RLN) leads to atrophy of the posterior cricoarytenoid muscle [1] [2].
A relative upper airway obstruction, similar to BVCP in humans, can be observed [1] . FES was applied with two quadropolar electrodes implanted in the posterior cricoarytenoid muscle to evoke a stimulation and therefore an opening of the upper airways while inspiration will be achieved [1] [2].
Objectives of measurements
In order to achieve better therapeutic outcomes by knowing the electrical field distribution (and further the area of neural activation due to the applied electrical field) first measurements to evaluate the developed measurement system were performed. The main objectives of the measurements are the evaluation of the reproducibility of the measurements, evaluation of the perfusion setup influences on field distribution and investigation of the tissue changing effects of the field distribution measurement itself.
Methods

Measurement system
We developed a measurement system to measure the potential distribution around implanted electrodes inside the tissue (Image 1).
Image 1: Block diagram: measurement system
The mechanically part of the system mainly consists of three linear transition stages (Physik Instrumente, Karlsruhe, Germany), which are constructed to a 3D Manipulator. This 3D positioning system allows automatically positioning of a concentric measurement electrode inside the tissue. Measurement positioning step sizes down to 0.25mm (depending on the applied measurement electrode) were chosen to scan volumetric volumes inside the tissue. Another part of the system design was the signal processing part to generate the stimulation signals and measure the potential values on each discrete point inside the tissue. The signal processing consists of an AD/DA Interface to generate the stimulation waveforms and measuring the potentials. The measuring system consists of a preamplifier and a measuring amplifier with adjustable gain. In order to achieve a reproducible and impedance independent stimulation the signal is converted to a constant current signal (V/I converter). To reduce line noise on side of the DUT (Device under test) a galvanic isolation between DUT and AD/DA Interface and additional a battery power supply of the measuring system and the V/I converter is applied. Measurements are performed with software controlled positioning of the measurement electrode in equidistant steps in each direction of the volume. Excitation signal was set to sinusoidal signal with a frequency of 1 kHz and constant current stimulation with amplitude of 500µA. This frequency doesn't results in a neural activation of the tissue to eliminate mechanical artifacts. At each discrete point inside the tissue the electrical potential is measured with an analog measurement amplifier and a subsequent software implemented digital lock-in amplifier and results in information of the real and imaginary part of the electrical potential. This results in a 3D potential distribution.
Perfusion Setup
To ensure a physiologically intact condition of the tissue a perfusion setup was established. Larynges were explanted and the CAD muscle was perfused with nutrition solution.
With a perfusion and temperature constant at 37 degrees Celsius a physiological intact condition of the larynges can be achieved up to a few hours.
Visualization
Electrical field ‫)ܧ(‬ distribution inside the tissue was determined by calculating the gradient of the electrical potential (Φሻ.
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To visualize the electric field distribution a cone plot is used. The tips of the cones are showing into the direction of the electric field and the scaling of the cones is proportional to the strength of the electric field. Additional information about the strength of the field was achieved by coloring the cones.
Measurement Setup
Measurements were performed on ex vivo perfused larynges of two horses. The larynges were fixed in the tub while measurement procedure to avoid translation or rotation according to the forces while penetrating the tissue with the measurement electrode (Image 2). Two quadropolar electrodes were implanted into the cricoarytenoid dorsalis (CAD) muscle of each larynx [1] [2]. We placed three fiducial markers at the top of the CAD muscle and measure the position of these markers with the positioning system at the beginning and at the end of the measurement procedure. The information of the fiducial positions will be used to evaluate possible tissue shifts or tissue morphological changings over measurement time. Further fiducial positions will be needed for merging the field distribution information with the electrode position and tissue morphologically information created by imaging methods MRI and CT.
Image 2: Measurement setup: fixation of larynx, fiducial markers and implanted electrodes
Electrode configuration was set to all contacts of the caudal electrode vs. all electrode contacts of the rostral electrode (Image 3).
Image 3: Electrode configuration
At the beginning of the measurement procedure we determined the stimulation threshold of the selected electrode configuration. This threshold was used to verify the physiologically intact state of the larynges for the entire duration of measurements. The measurement geometry to determine the electric field distribution was set to a volume above both electrodes with a volume of 40x15x12 mm³. The measurement was divided into three major parts. First part was measuring the volume with low resolution (4mm step size in x direction, 3.75mm in y direction and 4mm in z direction), second part measuring the volume with the same resolution but shifting the measurement volume 2mm in x direction and the last part measuring the volume with higher resolution (1.5mm in each direction). These three parts were measured two times at each larynx to get more comparable measurement data sets. This procedure was used to evaluate the reproducibility of the measurements by comparison of the potential values of the measurements. To perform a comparison of the measured values a Tesselation-based linear interpolation is performed. This interpolation is used to calculate potential values at the positions of both measurement volumes (due to shifting volume).
After measuring the potential distribution we evaluated the stimulation threshold to determine the physiologically state of the larynges. The fiducial positions are measured after potential distribution measurements are performed to evaluate shifting of the larynx due to inadequate fixation or due to tissue morphological changes (created by the perfusion) of the larynx.
At the end of measurement procedure we performed a CT scan of the larynges. This data set will be used further for superposition of image data (electrode position and tissue morphology) with the field distribution results.
Results
3D field distribution
Post processing (interpolation and calculation of the electrical field distribution) and visualization of the measurement results show qualitative results. Image 4 shows an example of visualized electric field distribution of a measurement set. At the end of measurement procedure we performed a CT scan of the larynges.
Image 4: Example of field distribution results
Evaluating of the reproducibility shows similar results in all measurement sets (same electrode configuration and electrode position, varying resolution and shifted volume). Relative error between potential values at the same discrete points is in range of േ10%.
Perfusion influences on field distribution
The perfusion setup shows a significant changing of tissue morphology. Due to the perfusion with nutrition solution tissue shows swallowing effects. This tissue growing can be evaluated by optical inspection and also with comparing the fiducial positions before and after measurement procedure. Image 4 shows the fiducial positions before (fid1, fid2, fi3) and after (fid1_post, fid2_post, fid3_post) measurement procedure.
Measurement influences on tissue
The measurement procedure (penetration of the tissue) shows some influences on tissue morphology. Due to forces on the larynx while penetrating the tissue a slight shift (rotation or translation) of the whole larynx, because of inadequate fixation, could be observed. Furthermore the penetration of the tissue results in an elastic deformation (Image 5: phase 1) of the tissue surface until the axial force on the needle reaches a maximum and the measurement needle inserts the tissue (Image 5: phase 2).
Image 5: Penetration procedure
The tissue shift and the morphological changes of the tissue (due to penetration procedure) cause in shifts of the position information of the electrical potential values and thus lead to a displacement of electric field distribution.
Conclusion
Fixation of the larynges within the tub showed initial problems of tissue rotation and translation. These problems could be reduced by fixing the larynges with elastomeric impression material at the bottom of the tub for position fixation and on the sides of the larynges to avoid rotations. Therefore tissue shifting was minimized at the second larynx measurements.
The swallowing effect due to perfusion of the muscle results in inaccuracies of the field distribution results. This effect can be evaluated with measuring the fiducial positions before and after measurements were performed. This comparison of fiducial position information can be used as accuracy factor of the measurement but the problem of tissue swallowing cannot be eliminated. This effect was also described before [3] [4].
Another effect is the change of tissue morphology due to the penetration process. In further developments we would be able to measure the axial and radial forced on the measurement needle and we will use this force information to implement a force control algorithm to minimize the displacement error while inserting the needle into the tissue. In addition, by improving penetration performance of the measurement needle, tissue morphologic changes should be substantially reduced. In a future development of an ultrasonic stimulation of the measurement needle this will be established for the improvement of the penetration.
First focus on reproducibility shows similar results in all measurements. Further experiments on phantom tissue are planned to get more statistical results to evaluate the reproducibility of our system and the measurements.
Interpretation of the visualized field distribution results is very difficult without knowing the position of the electrode and the tissue geometry. For this purpose we are currently in development process of a tool to evaluate the electrode positions and the tissue geometry from the imaging data. Then we will merge this imaging data extraction with 3D field distribution results to increase the interpretability of the results significantly.
Furthermore the determination of the physiological intact condition of the larynges by measuring the neural activation threshold could be improved. By measuring physiological parameters (e.g. PH, lactate, glucose) and measuring the fatigue time by stimulation with continuous stimulation pulses will provide much more precise information of the physiological state of the tissue.
In summary of the first experimental measurements, the 3D electrical field distribution can be performed with our measurement setup. Further developments, determination of the measurement reproducibility and determination of measurement errors will increase the performance of our system and therefore optimization of electrode position and electrode configuration for a better therapeutic outcome can be achieved.
